INTRODUCTION
Global landuse changes like the conversion of forests or grasslands to agricultural use have continued to be of great concern to environmentalists (Lal et al., 1995) . These changes usually result in decreased soil organic matter and losses of organic carbon of 25 to 30% in the top soil layer in the first 5 years after conversion (Houghton, 1995; Young, 1997) . Mineral nitrogen (N), especially NO3, released during the decomposition of soil organic matter may be taken up by plants, immobilised by microbes, lost from the soil system through leaching and denitification or retained in the soil profile (Shepherd et al., 2000) . Huge amounts of NO3 in the range of 30 to 500 kg N/ha/yr leached from the crop root zones have been reported both in the low and high input agricultural systems of the tropics (Wild and Cameron, 1980; Van der Kruijis et al., 1988; Hartemink et al., 1996; Mekonnen et al., 1997; Jama et al., 1998; Shepherd et al., 2000; Hartemink et al., 2000; Shepherd et al., 2001) . These losses are causing concern about increased nitrogen concentration in drinking waters at the regional scale (Shepherd et al., 2000) .
Agroforestry has frequently been cited as one of the natural resource management systems that will improve nutrient cycling through the integration of trees in agricultural landscapes (Young, 1997) . Trees root deep into the subsoil layers and way beyond the rooting depth of most annual crops. They are therefore capable of capturing and "pumpingup" crop-inaccessible nutrients below the rooting depth of these annual crops (Mekonnen et al., 1997) . In addition, the deep roots act as a "safety net" below the annual crops intercepting the leached nutrients, thereby tightening the nutrient cycles, especially for N (Van Noordwijk, 1989; Van Noordwijk et al., 1996) . The captured nutrients can potentially be transferred to surface soil in the form of litter and prunings (Schroth, 1995) . Indeed, recent research has indicated that fast-growing agroforestry trees when grown with maize, root into deeper soil layers rapidly depleting large quantities of nitrate that have been found to accumulate in these layers (Hartemink et al., 1996; Jama et al., 1998 , Mekonnen et al., 1997 Shepherd et al., 2000; Shepherd eta!, 2001) .
A recent study in the subhumid highlands of Kenya identified a biomass transfer system and alley cropping with leucaena as 2 agroforestry !echniques that may be utilised in enhancing food production and combating soil nutrient depletion in this region (Mugendi et al., 1999a) . However, the study also reported a build-up of mineral N in "substantial" quantities in the soil early in the season (N supply in excess of crop demand during the first 6 weeks of each cropping season), with the amounts of mineralised N being higher in treatments that had soil-incorporated biomass compared to the control (Mugendi et al., 1999b) . Results from the 15 N-labeled biomass that was soil-incorporated in the same study area indicated that 20 to 30% of the labeled N could not be accounted for at the end of the growing season (Mugendi et al., 2000) . This amount was assumed to have been lost from the system, principally through leaching. Our current understanding of N movement through soil profiles of the region is incomplete since no detailed investigations on N leaching have been undertaken in the area. Therefore, this study was undertaken to address this deficiency. Information on the estimates of the amount of N that may be lost via leaching will assist in the management of tree biomass and other organic amendments applied into the soil to minimise N losses and maximise N uptake by crops.
MATERIALS AND METHODS
The experiment was conducted at the Embu Regional Research Centre, Eastern Province, Kenya. The Centre is located in the central highlands of Kenya on the south eastern slopes of Mt. Kenya at Oo 30'S, 37 0 30'E and at an altitude of 1480 m. The soils are mainly typic Palehumult (humic Nitisols according to FAO-UNESCO) derived from basic volcanic rocks. They are deep, highly weathered with a friable clay texture and of moderate to high inherent fertility. Total annual average rainfall is 1200-1500 mm received in 2 distinct rainy seasons: the Long Rains (season 1) (mid March to June) 650 mm and the Short Rains (season 2) (mid October to December) 450 mm. The average monthly maximum temperature is 25°C and the minimum 14°C. The long-term monthly average is 19.5°C.
The experimental treatments were used in an earlier series of related studies (Mugendi et al., 1999a) . The design was a randomised complete block experiment consisting of 10 treatments replicated 3 times. The test crop, maize (Zea mays L.) was grown alone or in alley cropping with or without fetiliser/ prunings applications, as detailed below. Two agroforestry trees, Calliandra calothyrsus and Leucaena leucocephala (hereafter referred to as calliandra and leucaena respectively) were used. The plot dimensions were 9 x 10 m with the inter-and intra-row spacing for calliandra and Ieucaena trees (for those treatments with tree hedges; treatments 1-4) of 4.5 and 0.5 m respectively (trees had been planted in April 1992). Between hedgerows, 6 rows of maize were grown at a spacing of 75 x 50 cm (3 maize seeds planted per hill/hole but later thinned to 2/hill after 4 weeks).
Calliandra and leucaena tree hedges were lopped at a height of 50 cm using sharp knives 1 to 2 days before maize planting. Leafy biomass and succulent stems were separated from woody stems (removed for firewood) and each was weighed separately. The leafy biomass was evenly spread on the ground in the treatments designated to receive prunings (Trt 1, 2, 5, 6, 7, and 8) and incorporated into the soil by hand hoes as the land was prepared for maize planting. Subsamples were collected for N content determination before the prunings were incorporated into the soil. Leafy biomass applied in treatments 7 and 8 (that received printings from outside the experimental plots--biomass transfer) were obtained from block plantings of calliandra and leucaena hedges established near the site. These treatments received average biomass on dry matter basis of 2 and 1 Mg/ha for calliandra and leucaena biomass respectively containing approximately 60 and 30 kg N/ha per season respectively. Treatment 9 received the recommended level of inorganic fetiliser (50 kg N/ha) as calcium ammonium nitrate (CAN) while treatments 7 and 8 received half of the recommended dose , (25 kg N/ha) (to approximate the lower levels commonly applied by most farmers in the area). Application was through top dressing in 2 doses; the first dose (one-third of the full dose) 4 weeks after maize germination and the second (two-thirds), 4 weeks later.
To quantify N movement through the soil profile, soil was sampled at specified depths and analysed for mineral N during the first (season 1; mid March to June) and second (season 2; mid October to December) cropping seasons of 1998. The sampling depths were 0-20, 20-50, 50-100, 100-200, and 200-300 cm. The initial season 1 soil sampling was done before the onset of the Long Rains (early March). Maize was planted at the onset of season 1 rains (mid March) and subsequent sampling done at 4, 8, 12, and 20 weeks after maize planting (WAP). The last sampling (20 WAP) done in August coincided with maize harvesting. Sampling for season 2 was done at the beginning (mid October) and at the end of the season (February 1999).
Soils were sampled using augers. Composite samples out of 6 subsamples per plot were packed into polyethylene bags, refrigerated (4°C) and transported in cooler boxes filled with ice to the laboratory for analysis. On arrival at the laboratory, the samples were again refrigerated before extraction with 2 N KC1 after which the extracts were frozen awaiting NH4_, and NO3-analyses. To avoid contamination, NH4, was always analyzed first followed by NO3_ analysis. Ammonium was determined by the salicylate-hypochlorite colorimetric method (Anderson and Ingram, 1993) whereas NO3_ was determined by the cadmium reduction method (Dorich and Nelson, 1984) .
Total root length for maize, calliandra and leucaena were determined at various soil depths (0 to 300 cm) during the maize grainfilling stage in season 1 following the method of Jama et al., (1998) . The data were subjected to analysis of variance using Genstat program (1995) . Mention of statistical significance refers to " = 0.05.
RESULTS AND DISCUSSION
The bulk (almost 90%) of inorganic N found in the soil at all the sampling periods was in the form of , NO 3_ N, with NH4,-N contributing less than 10% in most cases. A4nmonium-N was rather uniform across the Aifferent treatments and depths (though, on /average, increased slightly with depth) and hardly exceeded 2 mg/kg soil on all the different sampling dates as exemplified by the 4 WAP results presented in Table I . However, nitrate-N increased with depth in the treatment plots that did not have tree hedges (Treatments 5-10) (Table I ) and also varied from one sampling date to the next (Tables II and III) . Ammonium-N did not accumulate in the soil Consequently, substantial amounts of nitrateas it is rapidly converted into nitrate-N under N must have been moved to lower soil depths the prevailing soil conditions of the central by the relatively high amounts of rainfall (320 highlands of Kenya (pH 5.7, well aerated, and mm) received between these 2 sampling soil temperatures of 20 to 30°C). intervals (0 WAP and 4 WAP). Consequently, samples taken 4 WAP had significantly higher The difference between soil nitrate-N during amounts of mineral-N than all the other week 4 and week 0 (wk4-wk0) sampling sampling dates in the 50-100-cm depth (Table  intervals showed accumulation of nitrate-N in III). Nitrate (which accounted for more than the lower depths suggesting a downward 90% of the soil mineral-N), is easily leachable movement of nitrate-N from the top layers compared to ammonia-N (Tisdale et al., and an accumulation (sorption) in the lower 1993), and the leaching potential increases layers (Table II) .
with increasing rainfall (Myers et al., 1994) .
Mineral-N determined at week 4 (4 WAP), The above observation, however, changed was effected at a time when maize plants were following subsequent samplings as indicated still small and had not developed effective by the decline in the level of mineral-N in the root systems for taking up reasonably large soil in most of the treatments between 4 and amounts of mineral-N from the soil. 12 WAP (Table III ). In the conditions under which this study was conducted, maize grows rapidly from 4 to 12 WAP (Mugendi et al., 1999a) . This period also happens to be the phase when maize has the highest demand for nutrients, especially N (Karlen et al., 1988) . Therefore, N uptake by maize must have depleted the mineral-N in the soil up to a depth of 100 cm, resulting in the observed decline in the level of available mineral-N, especially during the 8 and 12 WAP sampling dates.
The sorption ability retards the downward movement and leaching of soil NO 3 --N. -(1996) and Jama et al. (1998) working with an Oxisol in western Kenya.
Treatments that received tree leaf biomass but had no trees ± fetiliser (Treatments 5 through 8) and the inorganic fetiliser treatment (Treatment 9) recorded higher amounts of mineral-N in the 100 -to -300 cm depth than the treatments that had trees (Treatment 1 through 4) ( Table III and Fig.  1 ). This is an indication that not all the N that was released from the relatively N-rich calliandra and leucaena biomass and also that applied as chemical fertiliser was utilized by the growing maize crop. Some of it was moved to depths below the rooting zone of maize. The leached N will eventually percolate to the water table or find its way to streams and rivers. On the other hand, the significantly lower amounts of mineral-N observed in the treatments that had trees was a clear indication that trees were effective in capturing (and recycling) the subsoil N that was below the rooting depth of the annual crop. This corroborates results by other researchers that indicate that trees root deep into subsoil layers and way beyond the rooting depth of most annual crops and thus capture crop-inaccessible nutrients that would most likely be lost from the system (Hartemink et al., 1996; Mekonnen et al., 1997; Jama et al., 1998; Shepherd et al., 2000; Shepherd et al., 2001) . Indeed, re . Sults on root length (Table IV) indicate that trees rooted well below the 300-cm depth as opposed to maize that hardly rooted beyond 120 cm. This therefore explains" why mineral-N accumulated below the 100 cm depth in all the treatments that did not have trees (Fig. 1) .
Results on the total root length (and also root density -data not shown) indicated that over 95% of all the maize roots were located in the top 90 cm of the soil depth while for calliandra and leucaena 60 and 25% respectively of the roots were in the top 90 cm (Table VI) .
These results corroborate the findings from the same experiment reported earlier by Mugendi et al., (1999a) where calliandra tree hedges were observed to significantly depress maize yields compared to leucaena hedges. Calliandra tree hedges w.th 60% of its roots in the top 90-cm depth competed more intenselY with maize compared to leucaena whose greater percentage of roots was located below the effective rooting zone of the maize crop. Indeed, Jama et al. (1998) demonstrated that calliandra had the greatest root density in the top 15 cm of soil when compared to 4 other multipurpose tree species (Eucalyptus grandis, Sesbania sesban, Markhamia lutea, and Grevillea robusta) evaluated in the western highlands of Kenya.
Soil nitrate-N, which was the principal form of the mineral-N found in these soils is easily leachable compared to NH 4,-N. This was very clear in season 1 (Long Rains) where substantial amounts of nitrate were moved to lower soil layers by the action of percolating water resulting from heavy rains (320 mm) experienced during the first 4 weeks after planting maize (Table II) Table V) . The total amount of rainfall received in the entire season was only 59 mm, hardly sufficient to move nitrate into lower soil depths. Moreover, the very low amount of rainfall resulted in very low crop yields (on average, 0.6 Mg/ha for Short Rains compared to 2.7 Mg/ha for Long Rains), hence, the maize crop was not effective in depleting soil-N during this season.
Loses of N through denitrification and volatilisation were assumed to be negligible in this study; soils were well aerated (no loss by denitrification) and the prunings were incorporated into the soil whose pH (5.7) was not high enough to facilitate the process of volatilisation (Myers et al., 1994) .
CONCLUSION AND RECOMMENDATIONS
The study indicates that trees are effective in improving the recycling of soil-N that would otherwise be lost to annual crops by capturing subsoil mineral-N that accumulates below the rooting depth of most annual crops. It is therefore recommended that farmers in the central highlands of Kenya be encouraged to incorporate fast-growing trees (especially those that do not affect crops adversely and have other benefits like feed for livestock) in their farming systems. Since most of the farms in the region are located on steep gradients, it is recommended that these fastgrowing trees be planted on terraces in combination with the common grasses (Napier grass) for feeding livestock. The trees Treatments 1 & 2 = calliandra and leucaena alley crop, prunings applied; 3 & 4 = si% as 1 & 2, prunings removed; 5 & 6 = calliandra and leucaena monocrop + ex situ applied pruidngs; 7 & 8 = same as 5 & 6 + fetiliser; 9 = maize monocrop + fetiliser; 10 = complete control will not only help in capturing and recycling of the subsoil N, but will also assist in the reduction of soil loss (estimated at >100 metric tons/ha/year) and will encourage formation of natural terraces. They will also be pruned periodically and the resulting biomass will be incorporated into the soil or used as fodder for livestock with the resulting manure recycled back to the farms to improve soil fertility.
